A convenient solvothermal reduction pathway to Bi : Te 3 , Bi 4 Te 3 and Bi:Se 3 nanocrystals has been developed by the reactions between bismuth nitrate and tellurium in various solvents in the presence of hydrazine hydrate or white phosphorus as reducing agent. The products were characterized by X-ray powder diffraction and transmission electron microscopy. The influence of solvents and temperature on the reactions was investigated.
Introduction
Semiconductor nanociystals have many practical applications originating from their special properties, including electrical, optical, magnetic properties, which are related to their crystal structure, size and morphology. ' 1 " 51 For example, some alloys exhibit the ability to convert heat to electrical energy (or vice versa) and are called thermoelectric materials. Bismuth telluride, Bi : Te 3 , is commonly used in commerciallyavailable Peltier cooling devices and has proved to be very useful for devices operating at room temperature.
Bismuth telluride is normally made through a metallurgical melt processing, i.e., the co-melting of appropriate elements in an evacuated, sealed tube, followed by mixing and cooling of the melt.
18 ' The process is both equipment and labor intensive, and thermoelectric elements cut from the solidified alloys tend to be somewhat fragile.
[9 ' Recently, Groshens et al. described an approach to the synthesis of Bi ; Te 3 and related materials by means of elimination reactions conducted in hexane at s30°C. 1101 In another publication, Ritter reported a new method wherein bismuth and tellurium are co-precipitated as oxides from an aqueous solution. The co-precipitated oxides are converted directly to fine Bi;Te 3 powder through hydrogen reduction method. 1111 Ritter and Maruthamuthu also reported a metal-organic method in which tellurium is firstly dissolved in nitric acid, then bismuth trioxide, tartaric acid and ethylene glycol are added. After evolution of nitrogen oxides and removing all of the solvents by heating in a multi-step process up to nearly l(X)°C_a mixed-metal ion/polymer-like composite is formed and converted to objective products undergoing ignition through further heating in air to about 350°C. |1~1 Martin et al reported an electrochemical method, in conjunction with template synthesis techniques, to prepare nanowires of bismuth telluride within the pores of an alumina template membrane.
i,3i Yu el al. reported a solvothermal reaction of bismuth oxalate with l'e, but the product obtained was not pure, 1141 In this paper, we report a new route for the sy nthesis of Bi;Tej nanocrystals by a solvothermal process and a subsequent thermal treatment using bismuth nitrate and l'e as the reactants and hydrazine hydrate or white phosphorus as reducing agent. Analysis of the results showed that the produced Bi;Te 3 was well crystallized with a Hake morphology. The influence of different solvents or reducing agents is discussed Experimental Synthesis 1. Element Te (99.999%) was stoichiometrically added with Bi(N0.,)y5H;0 to a Teflon-lined stainless steel autoclave with a capacity of 50 ml. Then the autoclave was filled with 25ml pyridine or ethylenediamine and l()ml hydrazine hydrate, up to 70% of the total volume. The autoclave was maintained at 150 D C for 12-24hr and then allowed to cool to room temperature. The solution was neither shaken nor stirred during this period. A black precipitate was collected and washed with distilled water and absolute ethanol. The final products were dried in vacuum at 80°C for a few hours. Synthesis 2. All the operations were the same as synthesis 1,except that white phosphorus was used instead of hydrazine hydrate.
The products were characterized bv powder X-rav diffraction (XRD) with a Bruker D8 dilVractomcter (40kV, 40mA) with Cu Κα (λ= 15417XÄ) incident radiation. XRD patterns were collected within the range of 10-70° (2Θ) with a step size of 0.02°.
Transmission electron microscopy (TEM) images, selected area electron diffraction (SAED) patterns were taken on a Hitachi Model 11-800 transmission electron microscope, with a tungsten filament, using an accelerating voltage of 200 kV. Samples were prepared by placing a drop of dilute alcohol suspension of Bi2Te 3 nanocrystallines, dispersed with a supersonic disperser, onto a carbon-coated copper 2nd and allowing the alcohol to evaporate slowly in the dark. 
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Results and discussion
In the reaction without reducing agent, there was no Bi;Te 3 formed among the products. If white phosphorus or hydrazine was added, the reaction started and Bi : Te 3 There was however a difference between them. In the presence of hydrazine, there was always bismuth in the product Bi : Te 3 , whatever the temperature was. White phosphorus has proved to lie a more active reducing agent.' 151 When it was used in this reaction, phase pure products were obtained. The temperature had much effect on this reaction. At a temperature of 12()°C, pure Bi 4 Te 3 (not Bi : "fe 3 ) was produced. However at higher temperatures, phase pure Bi ; Te 3 was obtained. (100°C, 24hr, hydrazine, en) and SAED pattern of (b) Bi : Te, (150°C, 24hr, P.,, en;.
For the two reducing agents, white phosphorus is a more active reducing agent than hydrazine. In the presence of white phosphorus, the reaction is more complete than hydrazine. This is also confirmed by the reducing potentials of following half reactions
Ν j +4H,0 + 4e »N,H,+40H-E°=-1.16V (2) It should lie pointed out that Bi;Sej was obtained more easily than Bi;Te^ through the same process. Phase pure Bi^Sei could be obtained even at 100°C in the presence of hydrazine hydrate. The XRD pattern (see figure 1c) can be indexed as pure rhombohedral B^Sej (JCPDS 33-0214). Its structure is similar to Bi;Tev TEM image in figure 2d shows that the B^Se, products obtained at 100°C are mostly composed of crystal particles, whose average si/e is lOnm.
The solvothermal reduction experiments with Tc (Se) and Bi(NOj)3 were canned out in two different solvents, pyridine and ethylenediamine The crystalline products could be prepared in both solvents, using hydrazine hvdrate as reducing agent at 150-180°C. The two solvents are both bases, which can enhance the reducing ability of hydrazine. However, ethylenediamine is more basic than pyridine, thus the reaction would be more complete in the solvent of ethylenediamine. As evidenced by XRD analysis, there was some unreacted Se coexisting with Bi;Se 3 in the products with pyridine as the reaction media, but in ethylenediamine the products were pure Bi;Sev The conversation rate of Se to Bi^Se^ was nearly 100% in ethylenedi amine.
The reaction temperature played a crucial role in the synthesis of Bi 2 E 3 (E=Te, Se) in the presence of hydrazine. Phase pure Bi 2 Se 3 could be formed even at 100°C, but for Bi : Te 3 , the reaction was very incomplete and even did not initial at the same temperature for 24h. This indicates that Se is more reactive than Te. In order to promote the reaction between Bi(N0 3 ) 3 and Te, the temperatures would not be less than 150°C. The experimental results show that the optimal conditions for the synthesis of BiVTe* are at 150-180°C for 12-24h.
If white phosphorus is taken as the reducing agent, very toxic PH 3 will be produced. Therefore, after the reaction, the autocalve must be kept open in the fume hood for a few hours to allow the evolution of PH 3 gas.
In conclusion, a solvothermal reduction route to Bi 2 Te 3 , Bi 4 Te 3 and Bi 2 Se 3 nanocrystals by the reaction between bismuth nitrate and Te (Se) in various solvents in the presence of reducing agents has been developed. The reaction conditions are very easy to maintain and control. The solvents and temperature also have important effects on the reaction.
